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This  study  evaluates  the  loading  rate  and  surface  condition  de¬ 
pendence  of  the  flexural  strength  of  a  borosilicate  glass.  The 
glass  specimens  are  subjected  to  three  different  surface  treat¬ 
ments  before  four-point  bending  tests  to  study  the  effect  of  sur¬ 
face  flaws.  Quasistatic  (Material  Test  System  810)  and  dynamic 
(Kolsky  bar)  experiments  are  performed  at  loading  rates  rang¬ 
ing  from  0.7  to  4  x  106  MPa/s.  The  results  show  that  the  flex¬ 
ural  strength  of  the  borosilicate  glass  has  a  strong  dependence  on 
the  loading  rate.  A  chemically  etched  surface  produces  an  en¬ 
hanced  flexural  strength  by  about  an  order  of  magnitude.  Scan¬ 
ning  electron  microscopy  images  on  fracture  surfaces  indicate 
that  the  failure  is  governed  by  different  types  of  flaws  under 
different  surface  treatment  conditions.  Edge  failure  is  also  iden¬ 
tified  for  samples  possessing  high  flexural  strength. 


I.  Introduction 

Recent  research  on  the  dynamic  compressive  response  of 
borosilicate  glass  showed  that  the  glass  is  capable  of  bear¬ 
ing  up  to  1.5  GPa  uniaxial  compression  stress  before  cracks 
propagate  extensively  in  the  specimen.1  The  dynamic  deforma¬ 
tion  and  fracture  behavior  of  this  glass  under  multiaxial  com¬ 
pression  was  studied  with  the  specimen  confined  by  steel  collars 
in  a  Kolsky  bar  or  split  Hopkinson  pressure  bar  (SHPB).2  How¬ 
ever,  it  has  been  shown  that  under  ballistic  impact  loading  con¬ 
ditions,  the  most  dominant  and  vital  failure  modes  are  spalling 
and  bending-induced  tension  on  the  back  side  of  the  glass  plate,3 
which  points  to  the  need  for  determining  the  dynamic  tensile 
failure  behavior  under  high-rate  bending.  Under  flexural  load¬ 
ing,  glass  strength  is  typically  limited  by  surface  defects  intro¬ 
duced  by  after-manufacturing  handling,  but  rarely  by  bulk 
defects.4  Therefore,  for  the  glasses  in  blast-resisting  window  ap¬ 
plications,  it  is  important  to  understand  the  loading  rate  and 
surface  condition  effects  on  the  tensile  or  the  flexural  strength. 

Under  quasistatic  loading  conditions,  intensive  research  ef¬ 
forts  have  been  made  toward  exploring  the  influence  of  various 
surface  treatments  on  the  flexural  strengths  of  glass  and  ceramic 
materials  during  the  past  decades.5  11  It  has  been  identified  that 
surface  conditions  play  a  significant  role  in  the  fracture  strength 
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and  crack  propagation  of  glasses.8  11  Compared  with  ceramics, 
glass  materials  are  more  susceptible  to  surface  flaws  due  to  the 
lack  of  bulk  defects.4  Although  the  theoretical  strength  of  glass 
is  considered  to  be  in  the  order  of  10  GPa  at  room  tempera¬ 
ture,12  very  little  work  has  been  reported  on  the  achievement  of 
this  strength  under  laboratory  conditions  mostly  due  to  the 
improper  handling  of  glass  samples  and  the  moisture  effect  in 
the  testing  environment. 

Different  methods  to  improve  the  surface  quality  of  oxide 
glasses  have  been  reviewed  in  Donald.13  As  a  conclusion,  sur¬ 
face  etching  is  considered  to  be  one  of  the  most  effective  and 
simple  methods  to  remove  or  reduce  surface  defects.  The  prin¬ 
ciple  for  surface  etching  is  to  either  remove  surface  cracks  com¬ 
pletely  or  blunt  the  crack  tip  significantly  through  material 
removal.  Bulk  glass  strengths  exceeding  1  GPa  have  been  pro¬ 
duced  by  this  method.14,15  Recent  research  results  on  the  ballis¬ 
tic  response  of  thin  glass  plates  have  revealed  a  significantly 
enhanced  impact  resistance  in  an  HF  acid-etched  glass  target.3 
No  fracture  was  initiated  on  the  back  side  of  the  glass  plate 
target,  which  was  in  tension,  at  impact  speeds  of  up  to  700  m/s. 
In  this  study,  although  the  effects  of  surface  modification  on 
impact  resistance  are  clearly  shown,  the  surface  morphologies  of 
treated  and  untreated  glass  and  their  influences  on  the  material 
strength  were  not  documented.  It  is  of  significant  interest  to  es¬ 
tablish  the  relationship  between  dynamic  flexural  strength  and 
surface  conditions  in  order  to  optimize  the  ballistic  resistance  in 
light  transparent  armors. 

In  this  paper,  we  studied  the  loading  rate  and  surface  condi¬ 
tion  effects  on  the  flexural  strength  of  a  borosilicate  glass  uti¬ 
lizing  a  Kolsky  bar  with  its  testing  section  modified  into  a  four- 
point  bending  configuration.  The  tensile  surfaces  of  the  bending 
specimens  are  modified  into  three  different  surface  conditions  as 
follows:  ground  by  220-grit  sandpapers,  ground  by  a  1500-grit 
sandpaper,  and  polished  and  etched  by  5  wt%  HF  acid.  Grind¬ 
ing  directions  are  perpendicular  to  the  surface  tensile  stress  di¬ 
rection.  The  morphology  of  the  treated  surfaces  is  characterized 
by  scanning  electron  microscopy  (SEM)  and  atomic  force  mi¬ 
croscopy  (AFM).  Detailed  surface  features  and  roughness  val¬ 
ues  are  given  in  this  paper.  A  high-speed  camera  is  synchronized 
with  the  SHPB  to  capture  the  crack  initiation  and  propagation 
in  the  glass  specimens.  It  was  found  that  the  flexural  strength 
decreases  with  increasing  surface  roughness  for  ground  samples, 
while  the  etched  samples  possess  the  highest  strength  although  at 
high  surface  roughness.  This  indicates  that  the  surface  roughness 
may  not  be  the  critical  parameter  that  determines  the  tensile 
strength  of  glass  materials.  When  the  loading  rate  increases,  the 
strength  increases  for  all  the  surface  conditions.  The  detailed 
experimental  setup,  procedures,  and  experimental  results  are 
presented  in  the  following  sections. 
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II.  Experimental  Procedure 

(1)  Materials  and  Specimens 

The  borosilicate  glass  used  in  this  research  was  provided  by  U.S. 
Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
in  the  form  of  flat  plates.  The  dimensions  and  properties  of  the 
as-received  material  were  described  in  a  previous  paper  studying 
the  shear  effects  on  the  compressive  strength  of  the  same  glass.1 
The  glass  plates  were  first  machined  into  2  mm  x  3  mm  x  30  mm 
glass  prisms,  and  then  polished  to  a  surface  finish  of  80/50 
scratch/dig.  All  the  four  edges  of  the  as-received  samples  were 
chamfered  before  surface  treatments  were  performed.  The 
chamfer  angle  was  45°,  with  a  dimension  of  approximately 
0.12  mm.  The  polished  and  chamfered  samples  were  then  di¬ 
vided  into  three  groups.  The  first  group  was  ground  with  a 
220-grit  sandpaper,  and  the  second  group  was  ground  with  a 
1500-grit  sandpaper.  Both  grindings  were  performed  only  on  the 
tensile  surface  and  were  perpendicular  to  the  tensile  axis,  as 
shown  in  Fig.  1.  These  two  groups  were  denoted  as  group  #1 
and  group  #2,  respectively.  The  specimens  from  the  third  group 
were  immersed  in  5%  HF  acid  for  15  min.  The  principle  of  HF 
acid  etching  is  that  HF  in  the  aqueous  solution  attacks  Si02  in 
the  glass  to  form  water-soluble  reaction  products.  In  this  way, 
the  glass  material  is  stripped  off  from  the  surface  layer  by  layer 
so  that  the  preexisting  surface  flaws  are  eliminated.  The  etching 
process  removed  100-150  pm  of  glass  material  from  the  tensile 
surface.  This  group  was  denoted  as  group  #3.  To  minimize 
the  interaction  between  the  etched  glass  and  the  moisture  in  the 
room  air,  the  etched  specimens  were  subjected  to  mechanical 
loading  within  a  few  minutes  after  etching. 


(2)  Strength  Testing  Methodology 

In  this  study,  uniaxial  flexural  strength  experiments  are  per¬ 
formed  instead  of  uniaxial  tensile  strength  testing,  which  is  very 
difficult  to  conduct  accurately  on  brittle  materials.  The  mea¬ 
sured  flexural  strength  values  are  used  to  make  inferences  on  the 
uniaxial  tensile  strength  of  glass.  Four-point  bending  flexural 
tests  were  conducted  to  evaluate  the  tensile  strengths  of  the  three 
groups  of  borosilicate  glass  samples.  A  set  of  four-point  bending 
fixtures  were  designed  according  to  ASTM  Cl  161 -02c.  The 
spacing  between  the  two  loading  pins  and  that  between  two 
support  pins  are  10  and  20  mm,  respectively.  Pin  rollers  were 
made  of  hardened  M-2  steel  with  a  hardness  of  RC  60.  These 
rollers  were  fixed  to  the  aluminum  back  fixture.  The  temperature 
of  the  testing  environment  was  26°C,  and  the  relative  humidity 
was  34%.  The  low-rate  (0.7,  50,  and  2500  MPa/s)  experiments 
were  performed  on  a  close  loop-controlled  servohydraulic  test¬ 
ing  machine  (Material  Test  System  [MTS]  810,  MTS  Corp., 
Eden,  Prairie,  MN),  while  the  high-rate  experiments  were  car¬ 
ried  out  on  a  modified  SHPB  setup.  SHPB  is  a  well-established 
apparatus  commonly  utilized  in  the  high-strain-rate  character¬ 
ization  of  materials  to  provide  a  complete  family  of  dynamic 
stress-strain  curves  as  a  function  of  strain  rates.16  This  tech¬ 
nique  was  initially  designed  by  Kolsky17  for  the  characterization 
of  the  dynamic  flow  behavior  of  ductile  materials  at  strain  rates 
up  to  104  s_1.  The  modified  versions  of  this  device  have  been 
widely  used  in  characterizing  the  dynamic  properties  of  different 
materials,  such  as  brittle  materials1,18  and  soft  materials,19,20 
during  the  past  years.  A  recent  modification  of  SHPB21  extends 
the  range  of  characterization  to  the  dynamic  fracture  tough¬ 
ness  of  brittle  materials  in  the  four-point  bending  configuration. 
This  experimental  method  was  designed  based  on  the  ASTM 
Standard  C  142 1-0 lb,22  which  specifies  the  standardized  proce- 
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Fig.  1.  Surface  grinding  of  bending  samples. 


dure  of  determining  the  fracture  toughness  of  ceramics  at  qua¬ 
sistatic  loading  rates.  To  load  the  specimen  at  high  constant 
rates  while  maintaining  equilibrated  loading  across  the  gauge 
section,  the  pulse- shaping  technique  was  used  to  generate 
controlled  loading  profiles.  In  this  research,  we  adopted  the 
four-point  bending  fixture  design  following  ASTM  Standard 
C1161-02c23  for  determination  of  the  flexural  strength  of  ad¬ 
vanced  ceramic  materials,  and  extended  the  method  to  high 
rates. 

In  a  typical  SHPB  experiment  on  brittle  materials  such  as 
glasses  and  ceramics,  a  nearly  linear  loading  pulse  is  necessary 
in  order  to  deform  the  specimen  at  a  nearly  constant  strain 
rat e.24^26  This  is  usually  achieved  by  placing  a  thin  annealed 
copper  disk,  called  a  pulse  shaper,  between  the  striker  and  the 
incident  bar.  Ramp  loading  with  different  slopes  may  be  gener¬ 
ated  by  adjusting  the  thickness  and  diameter  of  this  pulse 
shaper,  as  well  as  the  striking  velocity.  In  this  research,  the 
specimen  is  a  small  glass  beam  that  has  a  very  low  stiffness  along 
the  loading  axis.  According  to  the  Eulerian  elastic  beam  theory, 
a  constant  loading  rate  is  ensured  only  when  the  deflection  rate 
is  constant.  When  the  specimen  stiffness  is  very  low,  the  deflec¬ 
tion  rate  is  nearly  determined  by  the  particle  velocity  of  the 
loading  end  of  the  incident  bar,  which  is  in  turn  determined  by 
the  amplitude  of  the  incident  pulse.  Thus,  to  achieve  a  constant 
deflection  rate  in  the  beam  specimen,  a  constant  amplitude  of 
the  incident  pulse  is  necessary. 

Besides  the  low  stiffness,  the  beam  specimens  also  possess  low 
resonance  frequencies  that  are  easily  excited  by  sudden  acceler¬ 
ation  or  deceleration  of  the  loading  grips.27  Although  it  is  inev¬ 
itable  that  the  specimens  have  to  be  accelerated  to  desired  testing 
conditions  and  then  decelerated  back,  the  process  of  velocity 
changes  can  be  controlled  to  minimize  inertia  effects.  For  ex¬ 
ample,  if  a  step  incident  pulse  is  used  to  achieve  the  necessary 
constant  amplitude  of  the  incident  pulse,  the  sharp  rise  in  the 
stress-time  profile  will  excite  resonance  in  the  beam  specimen. 
This  induces  mixing  of  inertia  forces  with  the  mechanical  stress 
in  the  measured  axial  load  signals,  making  the  resultant  data 
very  difficult  to  explain.  The  inertia  forces  also  destroy  the  force 
equilibrium  between  the  loading  and  the  supporting  points  on 
the  specimen,  making  the  data  reduction  uncertain  and  inaccu¬ 
rate.  The  high-frequency  oscillations  that  ride  on  a  conventional 
SHPB  incident  pulse  can  also  cause  inertia  problems,  in  addition 
to  nonconstant  loading  rates.  In  this  research,  in  order  to  gen¬ 
erate  an  incident  pulse  with  both  a  gradual  initial  increase  and  a 
constant  plateau  over  most  of  the  loading  duration  without 
high-frequency  oscillations,  a  thin  copper  disk  of  0.2  mm  thick¬ 
ness  and  3  mm  diameter  was  placed  between  the  striker  and  the 
incident  bar  as  the  pulse  shaper.  Variations  in  the  pulse-shaper 
dimensions  and  striking  velocity  can  alter  the  initial  loading  rate. 
The  maximum  achievable  loading  rate  without  sacrificing  the 
force  equilibrium  across  the  sample  was  found  to  be  4  x  106 
MPa/s.  Also,  in  both  the  servo -hydraulic  and  the  SHPB  exper¬ 
iments,  a  thin  Teflon  foil  was  placed  between  the  sample  and  the 
roller  surfaces  to  minimize  friction  and  contact-induced  stress 
concentration.  The  use  of  a  Teflon  foil  may  exert  an  effect  on 
wave  propagation.  However,  due  to  the  small  thickness  of  the 
foil,  the  duration  of  effect  is  very  short,  which  is  absorbed  in  the 
dynamic  equilibrium  process  of  the  loading. 


(3)  Glass  Surface  Characterization  and  Fractography 
Surface  roughness  value  has  long  been  considered  as  an  impor¬ 
tant  parameter  describing  the  surface  qualities  and  therefore,  for 
brittle  materials,  a  critical  parameter  that  can  affect  the  flexural 
strength.28,29  Two  measures  of  surface  quality  that  are  com¬ 
monly  used  are  the  arithmetic  mean  roughness  value  (Ra)  and 
the  maximum  peak- to- valley  height  (Rt).  The  former  provides  a 
general  picture  of  surface  flaws,  while  the  latter  points  out  the 
most  severe  flaw  on  the  surface  and  is  perhaps  more  relevant  to 
the  strength  response  in  a  brittle  material.  In  this  research,  we 
utilize  both  SEM  and  AFM  for  surface  characterization.  SEM 
images  provide  a  surface  view  over  a  relatively  large  area, 
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and  AFM  quantifies  the  selected  surface  with  3D  images  and 
roughness  values.  It  should  be  noted  that  the  roughness  values 
obtained  by  a  profilometer  measurement  may  vary  from  those 
obtained  by  AFM  due  to  the  differences  in  the  areas  covered  by 
the  two  instruments.  AFM  images  provide  a  more  detailed  sur¬ 
face  flaw  distribution  than  the  zigzag  curves  from  profilometers. 
The  limited  scan  area  of  AFM  image  may  result  in  surface 
roughness  values  that  are  not  representative  of  the  entire  sur¬ 
face.  However,  the  trends  of  surface  roughness  variation  mea¬ 
sured  among  different  surface  conditions  are  consistent  by  both 
methods.8  In  the  research  reported  in  this  article,  AFM  was  used 
for  surface  morphology  measurements  and  comparisons.  The 
maximum  scanning  capability  of  the  AFM  we  used  is  0.1 
mm  x  0.1  mm,  which  is  a  relatively  small  area  compared  with 
the  entire  glass  surface  investigated.  For  each  examined  sample,  a 
minimum  of  10  AFM  images  were  taken  from  different  parts  of 
the  surface  to  avoid  localized  results.  Surface  roughness  values 
(Ra  and  Rt)  of  these  images  were  then  collected  by  a  computer 
program  and  the  calculated  average  values  were  considered  to  be 


the  surface  property  of  the  sample.  Optical  microscopy  was  also 
used  to  analyze  the  fractography  of  fracture  surfaces  using  the 
methods  outlined  in  ASTM  Cl 322.  In  particular,  we  identified 
the  location  of  failure  initiation  under  different  loading  rates  and 
surface  conditions.  Fracture  surfaces  from  broken  samples  under 
six  different  combinations  of  testing  conditions  (two  loading 
rates  and  three  surface  treatments)  were  examined. 


III.  Experimental  Results  and  Discussions 

(1)  Glass  Surface  Features 

A  typical  set  of  SEM  and  AFM  images  for  all  the  three  groups 
of  glass  samples  are  displayed  in  Fig.  2.  The  corresponding  sur¬ 
face  roughness  values  are  summarized  in  Table  I.  For  the  pur¬ 
pose  of  comparison,  a  set  of  as-polished  surface  images  are  also 
shown  in  Fig.  3.  It  is  evident  that  the  polished  surfaces  show  an 
extremely  smooth  and  flat  feature  with  very  few  identifiable  sur¬ 
face  flaws  at  the  magnification  of  xl800  for  the  SEM  image. 
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Fig.  2.  Glass  sample  surface  morphology  of  (a)  ground  by  220-grit  sandpaper;  (b)  ground  by  1500-grit  sandpaper;  (c)  polished  and  etched  by  HF  acid. 
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Table  I.  Surface  Roughness  Values  for  Different  Groups 


of  Samples 

Sample  group  #1 

Sample  group  #2 

Sample  group  #3 

K  (nm) 

0.414 

0.0585 

0.236 

Rt  (|im) 

3.8 

0.725 

2.25 

Fig.  3.  Glass  surface  morphology  of  as-polished  samples. 


Fig.  5.  Original  oscilloscope  records  of  a  split  Hopkinson  pressure  bar 
dynamic  bending  experiment. 


This  nearly  flaw-free  surface  provides  an  ideal  base  for  further 
surface  modifications.  Both  SEM  and  AFM  images  from  Fig.  2 
revealed  two  types  of  major  flaws  on  sample  surfaces  from 
groups  #1  and  #2.  Grooves  are  evident  along  the  grinding  di¬ 
rection,  suggesting  severe  deformation  caused  by  particle  abra¬ 
sion.  However,  the  real  fracture -initiating  flaws  are  thought  to 
be  sharp  indentation  pits  indicated  by  the  white  arrows  in  Figs. 
2(a)  and  (b).  These  flaws  are  created  by  particle  indentation  on 
the  initially  polished  surfaces  during  the  grinding  process,  fol¬ 
lowed  by  the  formation  of  new  cracks  underneath  due  to  the 
alkali  ion-assisted  surface  reaction  between  moisture  and  the 
silica  network.30  While  the  glass  sample  is  loaded  in  four-point 
bending,  stress  concentrations  around  the  crack  tips  increase  the 
local  stresses  to  much  higher  levels  and  drive  the  crack  to  prop¬ 
agate  through  the  specimen.  This  failure  mode  is  activated  even 
though  the  overall  stress  level  in  the  sample  is  still  very  low.  The 
SEM  images  of  Figs.  2(a)  and  (b)  demonstrate  a  clear  compar¬ 
ison  in  the  size  differences  in  those  indentation  pits  created  by 
different  grit  size  sandpaper  particles.  The  relatively  small  flaw 
size  in  Fig.  2(b)  indicates  a  less  damaged  surface  and  thus  po¬ 
tentially  a  higher  tensile  strength.  It  can  be  seen  that  the  surface 
roughness  values  (both  Ra  and  Rt)  for  group  #2  samples  are 
lower  than  those  of  group  #1  samples.  Figure  2(c)  shows  a  sur¬ 
face  morphology  after  1 5  min  of  HF  acid  etching  on  the  tensile 
surfaces  of  polished  samples.  It  can  be  seen  that  the  polishing 
traces  are  almost  completely  removed  by  HF  acid  etching,  leav¬ 
ing  rounded  pits  as  the  dominant  surface  features. 

A  simplified  model  that  describes  the  surface  etching  effect  on 
the  flexure  strength  of  glass  materials  is  schematically  shown  in 
Fig.  4. 31  Similar  approaches  were  used  in  a  more  recent  study  on 
the  bending  strength  of  etched  soda- lime  glass  rods.32  According 
to  this  model,  an  idealized  surface  crack  is  uniformly  attacked 
by  acid  at  every  point  so  that  this  crack  eventually  develops  into 
a  semicircle.  Based  on  the  model,  the  final  radii  of  these  pits  are 
determined  by  the  depth  of  original  cracks.  Hence,  the  observed 
variation  in  the  pits  radii  may  be  directly  related  to  the  variation 
in  the  initial  crack  size.  Sharp  surface  flaws  are  considered  to 
exist  widely  in  glass  materials  due  to  mechanical  machining, 
grinding,  and  polishing,  as  well  as  after-manufacturing  han¬ 
dling.  In  our  study,  the  as-received  glass  surfaces  were  polished 
and  were  flat  and  smooth  as  shown  in  Fig.  3.  After  etching, 
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Fig.  4.  HF  acid  etching  of  an  idealized  surface  flaw. 
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Fig.  6.  Force  equilibrium  histories  between  the  front  and  back  end 
spans. 

the  surface  morphology  transformed  into  a  bumpy  pattern 
as  shown  in  Fig.  2(c).  It  is  believed  that  a  simultaneous  acid 
attack  on  a  series  of  surface  flaws  eventually  yielded  this  ob¬ 
served  surface  pattern.  For  a  sharp,  strength-dominating  surface 
crack,  the  crack  tip  radius  can  be  in  the  range  of  nanometers. 
After  etching,  the  average  radius  increases  to  around  20  pm.  The 
flaw  tip  rounding  achieved  by  acid  attack  significantly  relieves 
the  stress  concentrations  at  the  crack  tip  when  the  surface  is 
subjected  to  tension. 

(2)  Four-Point  Bending  Experiments 

Four-point  bending  experiments  on  glass  samples  subjected  to 
different  tensile  surface  treatments  were  conducted  at  four 
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Fig.  7.  Loading  rate  history  in  a  split  Hopkinson  pressure  bar  exper¬ 
iment. 
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Fig.  8.  Loading-rate  effects  on  flexural  strength  of  borosilicate  glass 
with  different  surface  conditions. 


□  Ground  by  220  Grit  sand  paper 
*  Ground  by  1 500  Grit  sand  paper 
a  Polished  and  etched  by  HF  acid 


different  loading  rates  to  investigate  the  rate  effects  on  flexural 
strength.  Three  of  the  loading  rates  (0.7,  50,  and  2500  MPa/s) 
were  achieved  by  a  servohydraulic  testing  machine,  while  a 
modified  SHPB  was  used  to  perform  experiments  at  the  high¬ 
est  loading  rate — 4  x  106  MPa/s.  A  typical  set  of  original  oscil¬ 
loscope  recordings  of  the  incident,  reflected,  and  transmitted 
signals  from  an  SHPB  experiment  are  shown  in  Fig.  5.  It  should 
be  noted  that  the  transmitted  signal  was  collected  by  a  pair  of 
semiconductor  strain  gauges,  whose  sensitivity  is  approximately 
70  times  higher  than  that  of  the  resistor  strain  gauges  on  the 
incident  bar.  This  modification  is  to  increase  the  signal-to-noise 
ratio  of  weak  transmitted  signals.  In  a  dynamic  four-point  bend¬ 
ing  experiment,  force  equilibrium  between  the  two  pairs  of  load¬ 
ing/supporting  points  may  become  an  issue  due  to  inertia  and 
wave-propagation  effects.  If  a  specimen  is  loaded  with  a  tradi¬ 
tional  trapezoidal-like  Hopkinson  bar  incident  pulse,  sample 
vibration/resonance  is  expected  because  of  the  high-frequency 
components  in  the  incident  pulse,  which  imposes  difficulties 
in  interpreting  the  collected  force  signals.  In  this  case,  numeri- 


Fig.  9.  Fracture  surface  and  failure  origins  of  different  groups  of  glass  samples.  Flaw  size  is  measured  in  terms  of  length  and  depth:  (a)  ground  by 
220-grit  sandpapers  (approximate  flaw  size  125  pm  x  29  pm);  (b)  ground  by  1500-grit  sandpapers  (approximate  flaw  size  57  pm  x  11  pm);  (c)  polished 
and  etched  by  HF  acid  (approximate  flaw  size  12  pm  x  4  pm). 
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Fig.  10.  Semielliptical  subsurface  mircocrack  induced  by  Knoop  inden¬ 
tation. 


cal  methods  are  often  required  in  sample  stress  analysis.  It  is 
certainly  desired  that  in  strength-characterization  experiments  at 
high  rates,  inertia  effects  are  minimized.  In  this  study,  we  suc¬ 
cessfully  avoided  the  potential  vibration/resonance  through  con¬ 
trol  of  the  incident  pulse  shape.  This  is  achieved  by  extending  the 
rise  time  of  the  incident  (loading)  pulse  from  around  10  to  ~160 
ps,  with  a  smooth  transition  to  a  plateau.  This  loading  profile 
eliminates  most  of  the  high-frequency  components  in  a  conven¬ 
tional  SHPB  incident  pulse  and  thus  significantly  reduces  the 
possibility  of  exciting  resonance  in  the  beam  specimen  or  caus¬ 
ing  wave  dispersion  along  the  bars.  The  plateau  followed  by  the 
initial  ramp  is  necessary  for  creating  a  constant  loading  rate  at 
the  tensile  surface.  Figure  6  shows  the  force  equilibrium  between 
the  incident  and  transmitted  load  spans.  Force  vibration  in  the 
incident  bar  side  was  limited  to  the  very  beginning  of  the  loading 


process.  The  nearly  overlapping  force  histories  recorded  at  the 
loading  points  and  supporting  points  indicate  that  the  specimen 
was  subjected  to  an  equilibrated  loading  history.  Inertia  effects 
were  minimized.  Figure  7  shows  the  time  history  of  the  loading 
rate.  This  is  obtained  by  differentiating  the  stress-time  profile  in 
the  transmission  bar,  which  is  also  shown.  It  is  seen  that  after 
increasing  initially,  the  loading  rate  was  maintained  to  around  a 
constant  value,  which  is  important  when  the  strength  results 
need  to  be  reported  as  a  function  of  loading  rates. 

In  a  four-point  bending  experiment  on  a  beam  with  a  rect¬ 
angular  cross  section,  the  maximum  surface  tensile  stress  is  cal¬ 
culated  as 


a{t)  = 


3  P(t)(L-l) 

2  bd2 


(1) 


where  /  is  the  load  span  (incident  bar  side),  L  is  the  support  span 
(transmission  bar  side),  and  b  and  d  are  the  specimen  width  and 
height,  respectively.  P(t)  is  the  measured  force  history  and  the 
flexure  strength  is  calculated  using  the  maximum  achieved  value 
of  P.  In  the  experiments  performed  on  the  servohydraulic  MTS 
machine,  this  force  history  is  recorded  by  a  load  cell,  while 
in  SHPB  experiments  the  force  history  in  the  specimen  is  calcu¬ 
lated  by 


P(t)  =  EAeT(t) 


(2) 


where  E  and  A  are  the  Young’s  modulus  and  the  cross-sectional 
area  of  the  transmission  bar,  respectively;  et  is  the  strain  signal 
measured  on  the  transmission  bar.  When  the  specimen  fractures, 
the  force  history  reaches  its  peak.  The  flexural  strength  is  then 
calculated  from  this  peak  load  using  Eq.  (1). 

The  variation  in  flexural  strength  as  a  function  of  the  loading 
rate  for  all  surface  conditions  is  shown  in  Fig.  8.  It  is  clear  that 
the  flexural  strength  of  borosilicate  glass  increases  with  increas¬ 
ing  loading  rates  in  the  loading-rate  range  achieved  in  this  study, 
regardless  of  the  surface  conditions.  Below  the  rate  of  2500 


(a) 


Fig.  11.  High-speed  camera  images  showing  the  typical  dynamic  failure  of  (a)  sample  ground  by  sandpapers;  (b)  sample  etched  by  HF  acid.  White 
arrow  indicates  the  through  crack. 
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MPa/s,  the  flexural  strength  is  roughly  a  linear  function  of  the 
logarithm  loading  rate,  whereas  not  much  rate  sensitivity  is  ob¬ 
served  above  2500  MPa/s.  For  the  group  #1  and  #2  samples,  the 
particle  size  difference  in  sandpapers  imposes  only  relatively 
small  variations  in  the  flexural  strength.  The  average  strength  of 
group  #2  samples  is  60%-90%  (depending  on  the  loading  rates) 
higher  than  that  of  group  #1  samples.  This  strength  improve¬ 
ment  is  achieved  by  an  approximately  80%  reduction  in  surface 
roughness.  For  group  #3  samples,  which  were  etched  by  HF 
acid,  the  average  flexural  strength  is  700%-1500%  higher  than 
that  of  group  #1  samples  over  the  same  loading- rate  range.  The 
average  flexural  strength  of  etched  samples  achieved  at  the  high¬ 
est  loading  rate  is  1 . 1  GPa.  The  surface  roughness  values  of  the 
etched  samples  are  actually  higher  than  those  of  fine-ground 
samples  (group  #2).  This  observation  indicates  that  the  surface 
roughness  value  alone  is  not  sufficient  to  relate  the  flexural 
strength  to  the  surface  quality  of  glass  materials.  SEM  images 
on  fracture  surfaces  and  therefore  examined  to  further  investi¬ 
gate  the  failure  mechanism  of  different  groups  of  specimens. 
Failure  origins  in  sandpaper-ground  glass  samples  are  observed 
to  locate  at  the  subsurface  microcrack  front,  as  is  evident  in 
Figs.  9(a)  and  (b),  which  are  most  likely  being  induced  by  in¬ 
dentation  of  abrasive  particles.  Such  semielliptical  microcracks 
are  very  similar  in  shape  to  those  resulting  from  Knoop  inden¬ 
tation,  as  shown  in  Fig.  10.  Hence,  the  flexural  strength  of  sand¬ 
paper-ground  samples  is  governed  by  the  sharp  subsurface 
flaws.  The  observed  differences  in  strength  under  different  grind¬ 
ing  conditions  could  also  be  explained  by  the  differences  in  the 
flaw  size.  Figure  9(c)  shows  the  fracture  surface  of  an  HF  acid- 
etched  sample.  In  this  particular  case,  failure  is  initiated  from 
right  underneath  a  deep  surface  pit  (not  a  sharp  crack  front). 
The  acid-etching-induced  surface  flaw  is  much  smaller  in  size 
compared  with  those  semielliptical  cracks,  and  no  subsurface 
cracks  are  visible.  These  surface  pits  are  blunt  in  nature  so  that 
the  stress  intensity  is  much  less  than  that  around  a  sharp  sub¬ 
surface  crack  front,  which  results  in  the  high  strength  of  etched 
samples. 

A  further  look  at  the  loading  rate  dependence  on  flexural 
strength  reveals  that  for  sandpaper-ground  samples,  the  flexural 
strength  increased  by  about  90%  when  the  loading  rate  varied 
from  0.7  x  106  to  4  x  106  MPa/s,  whereas  for  HF  acid-etched 
samples,  thus  strength  increase  is  about  200%.  Because  the  only 
differences  between  those  two  groups  of  samples  are  the  critical 
flaw  types,  the  difference  in  the  rate  dependence  of  strength  is 
considered  to  be  the  difference  in  the  shapes  of  defects.  Under  a 
sharp  indentation  pit,  cracks  are  formed  and  connected  to  the 
pit  before  global  mechanical  loading.  On  the  other  hand,  under 
a  pit  blunted  by  HF  acid,  new  cracks  will  have  to  form  under  the 
loading.  A  higher  loading  rate  will  cause  multiple  cracks  to  form 
simultaneously,  which  may  account  for  the  difference  in  the  rate 
dependency. 

To  monitor  the  dynamic  deformation  and  failure  processes  in 
the  glass  specimen,  a  high-speed  digital  camera  along  with  a  pair 
of  strobe  lights  was  synchronized  with  the  SHPB  to  record  the 
dynamic  bending  deformation  and  failure  at  high  loading  rates. 
The  camera  trigger  was  carefully  set  such  that  the  entire  defor¬ 
mation  and  fracture  processes  could  be  visualized.  Thirty-two 
frames  were  taken  in  each  experiment  at  a  frame  rate  of  50  000 
fps.  The  fracture  of  group  #1  and  #2  samples  was  found  to  be 
very  similar,  for  which  a  typical  image  is  shown  in  Fig.  1 1(a).  A 
dominant  crack  was  initiated  from  the  tension  side  and  propa¬ 
gated  to  the  compression  side,  leading  to  the  fracture  of  the 
beam  specimen.  However,  when  the  tensile  surface  of  the  beam 
sample  is  polished  and  etched  (group  #3),  the  failure  process  is 
quite  different,  as  shown  in  Fig.  11(b).  While  the  specimen  was 
intensively  bent,  multiple  cracks  were  initiated  and  propagated 
through  the  sample.  This  occurred  in  an  “explosive”  manner  and 
disassembled  the  sample  into  many  tiny  pieces.  The  dynamic 
compressive  strength  of  this  borosilicate  glass  is  around  1.5  GPa, 
which  was  measured  in  a  previous  research. 1 

The  tested  samples  were  collected  and  the  fracture  surfaces 
were  examined  under  an  optical  microscope.  A  set  of  fracture 


surface  images  taken  on  a  specimen  after  the  experiment  at  a 
4  x  106  MPa/s  loading  rate  are  shown  in  Fig.  12.  The  sample 
cross  section  is  2  mm  x  3  mm.  For  samples  ground  by  a  220-grit 
sandpaper,  fracture  was  initiated  from  surface-located  strength- 
limiting  flaws.  The  flaw  is  likely  associated  with  a  relatively  large 
and  deep  machining  groove  or  pit.  For  HF  acid-etched  samples 
and  samples  ground  by  a  1500-grit  sandpaper,  fracture  is  more 
likely  to  initiate  from  an  edge-located,  strength-limiting  flaw. 
Similar  results  at  a  lower  loading  rate  are  also  shown  in  Fig.  13. 
The  stress  concentrations  on  the  edge  flaws  become  more  dom¬ 
inant  as  the  surface  tensile  strength  increases.  Previous  studies 
on  the  bending  strength  of  borosilicate  glass33  showed  that  the 
edge  defects  should  account  for  the  low-strength  behavior  of 
unchamfered  samples.  However,  in  our  current  study,  the  failure 
of  glass  samples  in  four-point  bending  tests  is  actually  a  com¬ 
peting  process  between  the  surface  flaws,  which  were  intention¬ 
ally  introduced  during  various  surface  modifications,  and 


(a) 


Fig.  12.  Fracture  surface  morphology  of  samples  tested  at  4  x  106 
MPa/s.  (a)  Sample  ground  by  220-grit  sandpaper;  (b)  sample  ground 
by  1500-grit  sandpaper;  (c)  sample  polished  and  then  etched  by  HF  acid. 
“C”  and  “T”  represent  “compression  side”  and  “tension  side,”  respec¬ 
tively.  Arrows  indicate  crack  initiation  sites. 
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(a) 


Fig.  13.  Fracture  surface  morphology  of  samples  tested  at  0.7  MPa/s. 
(a)  Sample  ground  by  220-grit  sandpaper;  (b)  sample  ground  by  1500- 
grit  sandpaper;  (c)  sample  polished  and  then  etched  by  HF  acid.  “C” 
and  “T”  represent  “compression  side”  and  “tension  side,”  respectively. 
Arrows  indicate  crack  initiation  sites. 

the  edge  flaws  from  chamfering.  Chamfering  on  the  edge  both 
reduces  the  flaw  size  introduced  by  machining  and  removes  the 
highly  stress-concentrated  corners.  While  the  corners  are  re¬ 
moved,  new  flaws  created  by  the  chamfering  procedure  are  lo¬ 
cated  in  less  stress-concentrated  areas.  When  the  surface  flaws 
became  less  severe,  the  glass  failure  underwent  a  transition  from 
a  surface  flaw-dominated  mode  to  an  edge  flaw-dominated 
mode.  The  chamfering  procedure  increased  the  stress  level  for 
this  transition.  On  comparing  Figs.  12  and  13,  it  is  evident  that 
the  surface  quality  level  required  for  this  transition  increased 
with  decreasing  loading  rate.  This  could  be  attributed  to  the  fact 
that  the  ultimate  tensile  strength  at  a  lower  rate  decreases  dras¬ 
tically  for  all  the  surface  conditions  investigated,  and  thus  a 
higher  surface  quality  level  is  required  to  satisfy  the  transition 
stress.  Because  of  the  premature  failure  from  the  edge  flaws,  the 
intrinsic  tensile  strength  of  the  etched  samples  is  expected  to  be 


higher  than  the  currently  measured  values.  The  failure  initiation 
sites  have  raised  challenges  in  the  accurate  characterization  of 
the  flexural  strength  of  borosilicate  glass  under  desired  surface 
conditions.  Further  expansion  of  the  current  experimental  tech¬ 
nique  is  desired  in  order  to  eliminate  edge  flaws. 


IV.  Summary 

Quasistatic  and  dynamic  flexural  experiments  were  conducted 
on  a  borosilicate  glass  under  different  surface  conditions.  The 
dynamic  experiments  were  carried  out  on  a  modified  SHPB 
setup.  A  pulse-shaping  technique  was  used  to  subject  the  spec¬ 
imen  to  constant  loading  rates.  The  surface  conditions  of  the 
tensile  surfaces  of  the  samples  were  varied  to  study  their  effects 
on  the  flexural  strength  of  the  glass.  A  sample  flexural  strength 
of  1.1  GPa  at  high  loading  rates  was  measured  on  specimens 
where  the  tensile  surfaces  were  chemically  etched.  The  flexural 
strength  of  the  borosilicate  glass  increases  with  increasing  load¬ 
ing  rate  for  all  the  surface  conditions  studied.  For  the  ground 
samples,  the  flexural  strength  decreases  with  increasing  surface 
roughness,  while  the  etched  samples  possess  high  strength  al¬ 
though  at  high  surface  roughness.  SEM  image  analysis  of  the 
fracture  surfaces  shows  that  small,  blunt  surface  pits  are  the 
failure  initiation  sites  for  acid-etched  samples,  while  large,  sharp 
sub-surface  cracks  are  identified  as  fracture  origins  for  the  sand¬ 
paper-ground  samples. 

High-speed  camera  images  reveal  that  a  dominating  crack 
from  a  tensile  surface  flaw  governs  the  fracture  initiation  in  most 
ground  samples.  Multiple  crack  initiation  was  observed  in  the 
failure  of  the  samples  with  etched  tensile  surfaces.  Optical  mi¬ 
croscopy  images  showed  that  flaws  caused  from  chamfering  and 
located  at  specimen  edges  are  the  crack  initiation  sites  for  spec¬ 
imens  possessing  high  flexural  strengths.  This  fact  suggests  the 
need  to  extend  the  current  four-point  bending  experiment  to 
equibiaxial  flexural  experiments  to  circumvent  the  effects  of 
edges  on  flexural  strength. 
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